The NASA S11 Program Office ... in Profile Since its founding, NASA has been dedicated to the advancement of aeronautics and space science. The NASA Scientific and Technical Information (S11) Program Office plays a key part in helping NASA maintain this important role.
The NASA STI Program Office is operated by Langley Research Center, the Lead Center for NASA's scientific and technical information. The NASA S11 Program Office provides access to the NASA STI Database, the largest collection of aeronautical and space science STI in the world. The Program Office is also NASA's institutional mechanism for disseminating the results of its research and development activities. These results are published by NASA in the NASA STI Report Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of completed research or a major significant phase of research that present the results of NASA programs and include extensive data or theoretical analysis. Includes compilations of significant scientific and technical data and information deemed to be of continuing reference value. NASA's counterpart of peerreviewed formal professional papers but has less stringent limitations on manuscript length and extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientific and technical findings that are preliminary or of speCialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. Does not contain extensive analysis.
• CONTRACTOR REPORT. Scientific and technical findings by NASA-sponsored contractors and grantees.
• CONFERENCE PUBLICATION. Collected papers from scientific and technical conferences, symposia, seminars, or other meetings sponsored or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientific, technical, or historical information from NASA programs, projects, and missions, often concerned with subjects having substantial public interest.
• TECHNICAL TRANSLATION. Englishlanguage translations of foreign scientific and technical material pertinent to NASA's mission.
Specialized services that complement the STI Program Office's diverse offerings include creating custom thesauri, building customized databases, organizing and publishing research results . . . even providing videos. launched Jupiter gravity assist opportunity) was undertaken at Glenn Research Center (GRC). It was found that with the use of small, advanced 8 cm ion thrusters and Stirling radioisotope generators (SRG ), both under development at GRC, it was possible to deliver the Pluto/Kuiper flyby spacecraft in 7 to 12 years without the need of a Jupiter gravity assist. 1 With the promising results of this analysis, a look at other missions to other planetary objects using this concept wa recently undertaken. Besides the outer planets and their moons many other taJ'gets of scientific interest exist including the Jupiter Trojans, the
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Centams, other asteroids, comets, and Transeptunian objects. 1.2 In several past works, Robert oble of Fermi labs has noted the potential advantages of using radioisotope-powered ion propulsion for outer planet explorati on Y5 Advantages of radioisotope electric propulsion (REP) include a long-life power so urce, not reliant on the sun, which provides propulsion power to reach the ta rget and then provides relatively high power levels for science payloads (since more power is needed for the ion propulsion system as opposed to past all chemical radioisotope powered spacecraft). REP also provides a propulsion system which uses much less fuel than chemical systems and therefore allows the use of smaller launch vehicles. The primaJY disadvantage to the REP system is its lim ited propulsion power, (hundreds of watts), which limits the reasonable pay load spacecraft size (without power or propulsion) to around 100 to 300 kg for REP missions of reasonab le duration. If larger payloads are required a nuclear reactor powered system would be needed.
While the past studies noted the advantages of combining radioisotope and ion propulsion technologies , the technologies to provide a lightweight power and propulsion system did not exist. Specific masses of 100 to 150 kg/kW are needed to provide reasonable mission times and performance.
Ex isting radioisotope thermoelectric generators (RTGs) combined with off-the-shelf ion propulsion systems (e.g. the 30 cm Ion propulsion system flown on Deep Space 1 and capable of 500 W operation) would provide a combined specific mass of almost 300 kg/kW. Current RTGs also use many more plutonium bricks due to the low efficiency of the thermoelectric conversion system. Use of the Stirling convertor promises an almost four-fold improvement in electTic conversion efficiency, thus reducing the number of required plutonium bricks by the same factor. Long life, low power ion propulsion is also needed to reduce the thruster system mass required for the extended bwn times.
The final requirement to make the REP concept feasible is a small but capable spacecraft, with science package, but not including power and propulsion, of arOlmd 100 to 300 kg . While the technologies needed for an light-weight REP spacecraft are still under evaluation the potential mission opportunities for such a spacecraft are explored in this work.
Past works looked at using small launch vehicles (Delta II Class) to launch these REP orbiters. I Trip times were estimated to be as long as 24 years (Pluto Orbiter). New work has discovered that using a medium class launch vehicle with an upper stage can reduce the REP trip times 50%. This is achieved by using the launch vehicle to provide the Earth escape and acceleration while the REP (generally) only has to decelerate the vehicle.
REP Technologies
The three key technologies needed for an REP spacecraft are small, advanced ion thrusters lightweight radioisotope power systems, and small spacecraft which can perform valuable science.
This scoping study assumed ion tluusters with an operational power range of 100-500 W, Stirling radioisotope generators that can supp ly constant power of 100-900 W to the ion NASAffM-2002-211893 2 propulsion system and light"veight spacecraft bus technologies that enable revolutionary 1 00-300 kg spacecraft bu design. Each will be discussed in tum.
Sub-kilowatt Ion Propulsion
ASA Glenn Research Center is developing a lightweight « 3.0 kg combined mass.
representing a 80% reduction from state-of-theart), sub-kilowatt tlu'uster (figure 1) and power processor. Performance goals in clude 50% efficiency at 0.25 kW, representing a 2x increase over the state-of-the-aJ1. The sub-kilowatt ion propulsion activity includes both an in-b ouse hardware development element for the thruster and power processor, as well as a contracted system element. At NASA GRC, the fabrication and performance assessment of a small (0.25 kW class) laboratOlY model tluuster with an 8 cm beam diameter ha s been completed. 6 . 9 and tbe fabrication of a secondgeneration lightweight engineering model tlu'uster with a 100-500 W power throttling envelope has also been completed. Also at NASA GRC, f irst-and second-generation breadboard power processors have been fabricated and successfully integrated with the 8 cm tlu·uster. The second-generation breadboard power processing unit (PPU) (F igure 2) was fabricated with a maximum output power capability of up to 0.45 kW at a total efficiency of up to 90 percent. Four power converters were used to produce the required six electrical outputs which resulted in significant mass reduction for the
The component mass of this breadboard is 0.65 kg and the total power convertor mass is l.9 kg . Integration tests with the thruster included short circuit sW'vivability, single and continuous recycle sequencing, and beam current closedloop regulation.
Figure 2. Power Processing Unit
General Dynamics, lmder contract, developed a conceptual design for the low-power ion propulsion system. !3 The objectives of this effort were to develop a system that improved performance and reduced system mass compared to existing state-of-the-art systems. The resulting design was tailored to the meet the needs of the sateU ite and spacecraft integration community as identified in an extensive user sW'vey perfomled by General Dynamics. The basic characteristics of the system are as follows: up to 20 mN thrust 100-500 Watts input power 1600-3500 seconds Isp thruster mass: 0.95 kg PPU mass: 2.0 kg Central Xenon Feed System mass: 3.1 kg (excluding tank)
Recently, an 8 cm pyrolitic graphite grid set was tested at GRC. Initial results showed operational performance similar to that of molybdemun grids. 14 Lifetime estimates using such materials predicts improvements over molybdenum of a factor of 5 or more.
Stirling Radioisotope Generator An advanced radioisotope electric power generator is cW'rently being developed for use on deep space missions, as well as for Mars sW'face
It is based on the high efficiency free-piston Stirling power convertor (Stirling engine coupled to a linear alternator). The Department of Energy (DOE) has responsibility fo r developing the SRG for use on NASA missions. GRC is supporting DOE in this effort, drawing upon its many yea rs of experience in deve loping Stirling power conversion technology. The SRG is a high-efficien cy alternative to the Radioisotope Thermoelectric Generators (RTGs) that have been used to power past missions. The Stirling efficiency, in excess of 25%, leads to a factor of 4 reduction in the inventory of plutonium required to heat the generator. The spacecraft power system will be comprised of one or more generators, based on the power requirements of tbe mission. The SRG will be based on a Stirling power convertor known as the Technology Demonstration Convertor (TDC). The TDC was developed as a laboratOlY device to validate freepiston Stirling technology for the radioisotope generator application (figure 4.) A joint governmentiindustJy committee developed a set of criteria that was used to determine the readiness of Sti.rling technology for transition to flight. 15 Having successfully passed these tests, the TDC is now being tJ'ansitioned from a laboratory device to flight application. As a part Figure 4 shows an early concept of the SRG however the unit being developed differs significantly from this. The present sched ul e would produce an engineering unit in about two years. The fo llow-on effort would produce a qual unit and then flight units for missions i.n the later half of the decade.
The SRG will be heated by plutonimll housed inside of two General Purpose Heat Source modules.
Each module will provide approximately 250 W th at beginning of mission (BOM).
The initial SRG , based on the laboratory TDC transitioned to flight, will have a mass of about 27 kg with contingency and produce approximately 114 Wdc. This results in specific power of 4.2 W /kg. Analysis performed at GRC projects that an advanced SRG could increase the specific power to nearly 10 W Ikg with the major advance being in a low mass Stirling convertor along with modest advances in the controller and thelmal systems.
Long life with no degradation has been accomplished through the use of non-contacti.ng operation to virtually eliminate wear of the moving components. The present design of the StU'ling conveJ10r for the SRG has been designed for a 100,000 hour life (11.4 year) however the life could be extended through a design modification of the heater head or possibly through the operating methodology chosen. Three components are critical to achieving long life; the flexure bearing system, the permanent magnets in the linear alternator, and the heater head. Although the flexure technology has its origins in engines, it has gained more widespread acceptance for long-life cryocoolers. Long-life Stirling cryocoolers are presently flying on spacecraft, with the most recent launch being the RHESSI spacecraft. Flexures are designed and qualified for the design life, and are then operated at significantly derated conditions to achieve essentially infinite life. For the SRG, creep of the heater head is the life-limiting component. The life can be extended multifold by an engineering trade to reduce heater head stress and creep rate with in exchange for reduced performance. These issues are presently being addressed with analysis and tests at NASAlTM-2002-211893 4
GRc.
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As demonstration of the long-life capabi li ty , a free -piston Stirling convertor continues to operate after approximately 70.000 hours (8.0 years) with no degradation. 17 
Figure 5. New Horizons Spacecraft
Lightweight Spacecraft Bus and Science Instrument Technologies Ad v anced mi croelectroni cs / lightweigh t spacecraft bus development has been w1derway at the JHU/APL and will be leveraged toward the outer planet mission opportunities .
Thi s analysi s is ongoing but has not been updated from past works. I A recent spacecraft design that is of a similar class mission to that of an REP orbiter is the New Horizons Pluto Flyby mission. It has a payload mass of only 24 kg with a launch mass of 412 kg. This design represents a conservative, near-term design , and includes power and I . I ul' 18 C lelll1Ca prop SlOn.
Since the spacecraft bus is sti ll undefined the analyses in this work traded the delivered spacecraft bus and payload mass with the propulsion parameters and trip time. When the spacecraft & science analysis is complete it will be integrated with this analysis.
Systems Analvses
For the sample outer planetary object missions, the previous technology descriptions were modeled for mass and performance analyses. A launch date of 2011 was chosen to allow sufficient technology advancement, but earlier or later lalllch dates should have simi lar results. The assumed performance of the power and propulsion system is shown in Table 1 . The 750 W point was chosen after mission analysis iteration. Using the information in the table a fixed specific mass (alpha) of 150 kg/kW was assumed for the trajectory nills for this scoping study. The tankage was set to 10% of the required fue l mass. An additional 30% contingency. commens urate with mission scoping practices, was assessed to the power and propulsion system. The rest of the spacecraft: bus. science and margin, (BSM) was varied fi'om 120 kg up to 300 kg. This BSM includes the contingencies and margins for the bus and science but not the power and propulsion system. For the ion thruster system, lifetime was assumed possible using advanced grid technologies including thick molybdenum titanium, or carbon based technologies (pyrolitic graphite). 14 Shown in Table 1 are the system assumptions for the outer p lanetary target orbiters. The housekeeping power was limited to 60 W during thrusting. Spacecraft communications were restricted to ion thruster off-times when more power is available. Two thruster operation is assumed where possible to allow for attitude conh'ol of the spacecraft during cruise with the ion thrusters. Eight thrusters were can-ied on the spacecraft. Seven of the eight thrusters are expected to handle the required fuel throughput in case of engine-out.
Mission Analvses
In order to assess REP's viability for outer planet missions the trajectory optimization code V ARITOP (developed by Carl Sauer of JPL) was used to assess actual trajectories. 19 The V ARITOP code can also be used to optimize Isp and power level given the appropriate thruster and mass models. Specific launch vehicle performance can also be input to the code and optimal excess velocities found.
F or this analysis an Atlas V 551 medium launch vehicle was assunled using a Star 48 upper stage. 20 Such a vehicle is capable of providing up to 400 kg launch mass to an excess velocity of 14 .14 km/s (C3 = 200 km 2 / S 2 ).
Outer P la netary Targets with R EP
The set of possib le outer planetalY targets is large. The set includes the outer planets (Jupiter, Saturn, Uranus, Neptune, Pluto), the outer planets ' many moons (over 30 in all), as well as the many other objects not in orbit about the o uter planets: Trojans, Centaurs, TransNeptunian Objects, Kuiper Objects, and various asteroids and comets (fig 6. ). 21 In order to simplify the analyses only the outer four planets wel'e targeted. The resulting trip times and payloads found to get to these planets is representative of the times and payloads to the other objects in the vicinity. An additional spiral-in time will be needed to reach the outer planers moons. This time was estimated using the Edelbaum-Fimple closed form method. 19 No significant extra tinle is needed to reach the nonplanetalY objects since their masses are so low.
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Figure 6. Potential Outer Planetary Targets
After ftnding several tTajectories where the REP spacecraft provided all the interplanetary 11 V for the mission (and getting vety long trip times -as much as 24 yeal's for Pluto) a new approach was taken. Since the REP propulsion and power systems have a relatively high speciftc mass it may not be reasonable for the REP to perform the whole mi ssion of escape from Ea rth , accelerate out to and decelerate into the target. The REP spacecraft is, however, fairly small since a reasonable power level for an REP spacecraft is less than 1 kW . Thus it was reasoned that a larger launch vehicle could perform the earth escape and the entire acceleration portion of the mission while the REP system would only perform the deceleration and near-body propulsion. (Past authors did note that using chemical stages in low Earth orbit did reduce the spiral out time but never took this extreme step of using very high excess velocities, medium class launch vehicles and relegating the REP to braking duties only.) 4 This approach. in fact, tl.Ulled out to be a good match, and once these new converged trajectories were
NASAffM-2002- 211893 6 found with VARITOP, the REP trip times to outer planetary targets were determined to be half ofthose of earlier rW1S.
Thus the optimal trajectOIY for using REP for an outer planetalY orbiter consisted of a high excess ve locity launch by a medium class launch vehicle (in this case the Atlas 551 / Star 48) and the REP system beginning decel eration a few years after launch. Compared to the REP for flyby mi ss ions thi s used the lawlch vehicle and the REP much more efftciently; using REP to accelerate away from the Sl.Ul incurs high grav ity losses, while using REP to decelerate is more and more efficient as the spacecraft trave ls further from the Sun. The trajectories found for the various outer planetalY distances (noted by Saturn, Uranus, Neptune, and Pluto) are shown in figure 7 . ote that the trajectories provide almost straight paths to the target with a circu larization at the end. It should be noted that no third body effects are used by V ARITOP to determine these results. Thus the mass of the planet has no impact of the tTajectOIY and no flybys with gravity assists are used. This greatly simplifies the trajectory and reduces launch window constraints. Initial results are shown in figure 8 for the lightest spacecraft bus, science, and margin (BSM) cunently conceived. For the BSM of 127 kg the trip times to the outer planetary targets are surprisingly quick with Pluto distance targets being close to 12 years from launch. Since the moons of the outer planets are also of great scientific interest an estimate of the time to spi.ral down from the high capture orbit (somewhere below the sphere of influence) was made for sample moons of the outer planets: Titan (Saturn), Titania (Uranus), and Triton (Neptune). .;:
Power Level (kW) Figure 9 . Power Level Tra de Results (also shown in figure 8 ) showed that the tTip times were on the order of a year for all but Charon which was less than a month. This is due to the very low mass of the Pluto/Charon system.
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The study varied severa l parameters to answer severa l specific questions. The first question was ' what is the most appropriate power level for tillS mix of technology and launch vehicle?'. Figure 9 compares various power levels for the 2011 launch. It is evident that increasing powers fro m 300 W up to about 750 W notably reduces the trip times for the outer planet missions. Adding power past that provides little benefit. Thus the ' knee' of the curve was assumed to be -750 Wand the rest of the analyses used this power level. .
Uranus
~ 10 i------=:::;:;:;;;;; .... The required propell ant throughputs and optimal Isps were also found in each analysis. These parameters are key to guiding the propulsion technology development. Figures 12 and 13 show the variation, respectively. It is clear that further targets require more thro ughput per thruster or more engines. The baseline included eight engines with three power processors (two engine operation). For most of the mission cases the engine throughput is around 30 kg /engine. In the case of engine out ( only 7 engines avai lable) around 35 kg throughput on each engine would be required for the heavier BSM masses. This equates to required bwn times of three to four years for each engine. The GRC developed NST AR 30 cm thruster, with which the 8-cm ion thruster draws heritage, has cunently been tested for almost tlu'ee years in a ground-based life test. The optimal, single setASAffM--2002-21 1893 8 point Isps were determined by V ARlTOP to be in th e 2600 sec to 3700 sec range which is commensurate with the 8 cm ion engines CWTent design as shown in figure 13 . A sUl11111alY of the 750 W REP cases is shown ill Tab le 2. The SEP system is separated before aniving at the target planet. Once captured in orbit smail chemical maneuvers and time can allow transfers to a planet' S moons with the appropriate planet/moon gravity flybys. The SEP / Aerocapture propulsion system can deliver respectable payload spacecraft -500 kg to these planets using medium launch vehicles and trip times similar to the REP system. Aerocaphue at Pluto or the other above mentioned objects is not viable so the SEP/Aerocapture method is not available.
The other approach currently of interest is nuclear electric propulsion (NEP). The NEP system carries a reactor with powers of 100 to 500 kW. Since the spacecraft is fairly large (>8000 kg) the NEP vehicle must be launched with a heavy launch vehicle to a low earth orbit and spiral out. The NEP vehicle then accelerates out to and decelerates into an outer object.
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9 Quick spiraling at the target is then possible. Payloads from 500 kg and up are possible with power available at the target of > 100 kW. Trip times are similar to the REP system. The main difference is the size of the vehicle. payload and power level.
The N EP system is more appropriate for flagship type missions with the REP being perhaps a cheaper solution for the emerging New Frontiers Class missions (sin1ilar to the Discovery Class). Thus the REP is perhaps more appropriate for smaller targets with more focused science.
F urther Work
The analyses performed so far show great promise for the use of REP for small outer planetary missions. Future analysis work will concentrate on two areas: spacecraft point designs and specific target evaluations. Spacecraft point designs will be made to obtain a better idea of the potential mass all the subsystems as well as the impact of other launch systems. In addition. more specific targets will be evaluated, especially those objects not close to the large outer planets.
Conclusions
Shldies were undertaken to further show what a radioisotope electTic propulsion system would look like and what it could do for outer planetruy exploration. On -going work in small ion thrusters, StiJ"ling radioisotope power systems, and small planetary science spacecraft point toward the possibility of a viable REP spacecraft for outer planetary exploration. Besides the outer planets and their moons the REP system can allow equally quick missions to other outer planetalY objects such as the Trojans, Centaurs, Trans-Neputnian Objects, Kuiper Objects, and various asteroids and comets. A new direct trajectory was found to allow these relatively fast trip times for a new sma ll class of outer planetary orbiters for the ew Frontiers Class missions.
